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Abstract. Processing of real-time X-ray images of randomly oriented and touching pistachio nuts for product
inspection is considered. Processing to isolate individual nuts (segmentation) is emphasized. The processing
consisted of a blob coloring algorithm, filters, and watershed transforms to segment touching nuts, and
morphological processing to produce an image of only the nutmeat. Each operation is detailed and quantitative data
for each are presented. These techniques are useful for many different product inspection problems in agriculture
and other areas.

Keywords. Blob coloring, Image processing, Morphological processing, Watershed transform, Segmentation,
Detection, X-ray sensors.

X-ray sensors have proven useful for many agricultural product inspection applications. These include detection
of contaminants of high atomic number (Schatzki and Wong, 1989), interior heart holes in potatoes (Finney and
Norris, 1978), weevil damage in wheat (Keagy and Schatzki, 1993; Milner et al., 1950), worm damage in navel
oranges (Keagy et al., 1996), and subtle differences such as local regions of water in apples (Tollner et al., 1992;
Schatzki et al., 1997) and lettuce (Schatzki et al., 1981a,b). X-ray images of pistachio nuts are considered in our case
study. The internal product detail that X-ray images provide allows the presence of worm damage and other defects
to be determined by non-destructive (non-invasive) methods. This is of concern, since worms contribute to
conditions favoring mold growth and aflatoxin production, and their presence must be reduced (aflatoxin
concentration must be below 4 ng/g for import to a number of countries). Standard inspection techniques cannot
determine many defects that are possible with X-ray images. Prior work (Keagy et al., 1996; Sim et al., 1996)
confirmed that X-ray image processing can identify infested versus good pistachio nuts. However, this work did not
address the problem of touching nuts, and sometimes required that all nuts be in the same orientation. It also did not
employ a large database.

In this article, new image-processing algorithms are considered that segment each nut independent of its
orientation. New image-processing methods were used to produce images of only the nutmeat. This omitted gray-
scale textured data in the air gap between the nutmeat and shell, which can disrupt an image-processing system that
needs to analyze the gray level in only the nutmeat. This article emphasizes the image-processing algorithms used to
produce data files of individual nuts (segmentation) and to produce nutmeat-only images. The new image-processing
techniques described in this article are of use in processing many other agricultural products for inspection.

The database considered in this work consisted of 29 trays of pistachio nuts. Twenty-five of the trays were of
large nuts (18-20 nuts/oz). Two trays of medium nuts (21-25 nuts/oz) and two trays of small nuts (26-30 nuts/oz)
were also included to show the generality of the image-processing algorithms. An image of each tray was obtained.



FPE 1496
edited 3/13/02

page 3 of 13
It contained about 100 nuts in random orientations, with an average of nine clusters of two to four nuts touching in
each image. The nuts were obtained from a processor after sorting and sizing and after hand-inspection to remove
twigs and other non-nut material. These are typical images of such products on a conveyor belt that would be input
to an automatic vision inspection system

MATERIALS AND METHODS
This section describes the database used and notes the problems and issues associated with segmentation. Basic

morphological image-processing methods are reviewed, and several prior segmentation algorithms are considered.

X-RAY IMAGES

Each tray was X-rayed for 90 s at 25 keV (with an 0.25 mm Be window) using a Faxitron series X-ray system
(model 4380N, Faxitron Corp., Buffalo Grove, Illinois) and Industrex B film (Eastman Kodak, Rochester, New
York). Twelve-bit digital images of these X-ray films were obtained at a resolution of (0.173 mm)2/pixel using a
Lumiscan 150 film scanner (Lumisys, Sunnyvale, Calif.). Each film included a 25-step plastic wedge constructed to
provide absorption levels comparable to those found in nuts. Small variations between films, due to exposure and
processing, were removed by linearly rescaling the gray values of each film to constant values in the step wedge.
The optical density response of the film was sigmoidal when plotted against the thickness of the step wedge. The
variance of the optical density was an inverse function of the optical density. A logit transform was used to linearize
the response and equalize the variance. By pixel averaging, these images were reduced in pixel count by a factor of
nine, to produce 12-bit images with a resolution of (0.5 mm)2/pixel. These will be referred to as "X-ray film
images."

A set of real-time X-ray linescan images of these nuts was also obtained. A custom-built, line-scanning, moving-
belt unit (EG&G Astrophysics, Harbor City, Calif.) was used. This prototype food X-ray system used a 0.015 cm-
thick aluminum filter and a stabilized 40 keV source delivering 18 mA. A collimated, fan-shaped X-ray beam passed
through the samples onto an 800-element linear detector array with a pitch of 0.5 mm/detector. The detector array
was overlaid with a Gd2 O3-x Sx (Tb-doped) plastic-imbedded phosphor (Tri-Max 12, 3M Corp., St. Paul, Minn.)
that converted X-ray photons to green light to activate the photodiodes. The line scanning rate was 120 Hz
(corresponding to a belt rate of 60 mm/s). The resultant 12-bit images have the same (0.5 mm)2/pixel resolution as
the film images. These will be referred to as "linescan images."

IMAGE PROCESSING OBJECTIVES

Both X-ray film and linescan images of all 29 trays were used in the tests. Figure 1a shows a typical tray of nuts,
and Figure 1b shows X-ray images of several nuts in which internal detail useful for detecting worm infestation and
for classification is apparent. The individual nut images also indicate some of the image processing problems.
Specifically, each nut consists of a nutmeat region, an air gap, and an outer shell region. The intensity within the
nutmeat region varies. This region contains dark areas due to blemishes, worm tunnels, and nutmeat splits. In
addition, the air gap has lower pixel values, the shell region contains higher pixel values, and the width of the air gap
varies. These factors complicate extracting an image of only the nutmeat region, which is the input to the feature
extractor and classifier. Prior vision work on pistachio nuts (Keagy et al., 1996) included images of the entire nut
(nutmeat, gap, and shell).

(a) (b)
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Figure 1. Typical scanned X-ray image of a tray of pistachio nuts (a) and individual nuts (b) showing internal detail.

Before an image of only the nutmeat can be obtained, segmentation is necessary; i.e., a separate image file of
each nut must be obtained. Within each image, there are an average of nine clusters of touching and overlapping
nuts. Figures 2a and 2b show two typical images of nut clusters. As can be seen, nuts can touch in various ways and
result in large overlapping regions. After binarization, holes will be present on some nuts (fig. 2a). In addition, the
size of large nuts can vary significantly, from 20 to 25 pixels in width and from 25 to 40 pixels in length (380-900
pixels per nut), as seen by comparing figure 2a with figure 2b. Linescan images (fig. 2d) have lower contrast, more
dark regions, and more noise than X-ray film images (fig. 2c). In addition, each nut in a linescan image is about 6%
larger due to the fan angle of the X-ray beam. Thus, there is more of an overlapping touching region in linescan
images than in X-ray film images (fig. 2d vs. fig. 2c). These factors complicate segmentation. The following
sections review some of the conventional image processing methods relevant to this application.

(a) (b) (c) (d)

Figure 2. Binary images of typical nut clusters (a) and (b), and typical X-ray film (c) and linescan (d) image differences.

MORPHOLOGICAL PROCESSING

The morphological erosion (dilation) of a binary image is achieved by correlating the image with a structuring
element (SE) filter and thresholding the output at a threshold T. The SE is typically a disk. The threshold T is one or
the number of pixels in the SE for a dilation or erosion, respectively. Erosion removes any white object regions
smaller than the size of the SE and reduces the boundary of large white regions by half the width of the SE. A
morphological opening is an erosion followed by a dilation. It removes white areas smaller than the SE surrounded
by black pixels and does not affect white areas larger than the SE.

GRAY WATERSHED ALGORITHM

This standard algorithm is useful for segmenting an object from surrounding clutter. It was applied to the gray-
scale input image (a nut cluster) in the present case. Figure 3 depicts the steps in the algorithm. The center of each
nut is assumed to have the highest pixel value, with lower values at the nut edges. This image was then
complemented so that nut centers now have the lowest values. Figure 3a shows a hypothetical complemented 1-D
image of a cluster of two nuts. It has basins (minima) at the center of each nut object. The algorithm is best
described by envisioning filling this contour with water. This results in the different basins being filled to equal
heights. When the water overflows between two adjacent basins, the corresponding ridges or watersheds locate the
dividing lines between basins, or in the current problem, the boundary between adjacent nuts (each nut corresponds
to a separate basin). This intuitive explanation (Vincent and Soille, 1991), a description of the algorithm (Dougherty,
1986), and the associated mathematical details (Dobrin et al., 1994; Viero et al., 1994) are available elsewhere.
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Figure 3. Intuitive explanation of the gray watershed algorithm showing a complemented image (a) and different levels of water in
the basins (b to d).

BINARY WATERSHED ALGORITHM

This algorithm (Serra and Vincent, 1989) is another segmentation algorithm similar to the gray watershed
algorithm, and it has many variations. It can be described in terms of erosions (Dougherty, 1986), but it is best
implemented using the distance transform (Serra and Vincent, 1989). In this case, the distance transform of a binary
nut cluster is calculated and the gray watershed algorithm is applied to the gray-scale distance-transformed image.
This combination is referred to as the binary watershed algorithm. To produce the distance-transformed image, the
nut cluster image was thresholded to obtain a binary blob. Each "on" pixel in a nut was replaced by a gray-scale
value equal to its distance from the nearest edge in the nut cluster boundary. Figure 4b shows an example of the
distance transform image of figure 4a. Its cross-section (fig. 4c) shows two well-defined peaks and is much better
than the cross-section produced from the original gray-scale image. Figure 4d shows the complement of the cross-
sectional plot in figure 4c. Note the prominent valleys (centers of the nuts) and the peak (the dividing line between
the nuts). The gray watershed transformation of figure 4d yielded the final segmented image.

(a) (b) (c) (d)

Figure 4. 1-D example of basins produced for a nut cluster (a), using the distance transform (b), shown in cross-section (c), and
complemented (d).

IMAGE PROCESSING PROCEDURES

OVERVIEW OF THE PROCESSOR

Figure 5 shows the block diagram of the image processor developed for this study. Thresholding produces a
binary image. Blob coloring produces lists of connected "on" pixels. These include individual nuts, nut clusters, and
small noise pixel regions. Each connected blob region is given a different gray-scale (color). Nut clusters are
subsequently segmented to locate each individual nut. As will be described later, this requires an estimate of the
number of nuts per cluster and the center of each nut in each cluster. Morphological processing is then used to
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produce an image of only the nutmeat portion of each nut image. These different steps are described in the following
sections.

Figure 5. Image processor block diagram.

THRESHOLDING

Each tray image was first binarized. This produced binary data files for faster processing. Pixels with gray values
above a threshold are 1 (white), and pixels below the threshold are 0 (black). In the X-ray film images, the
background was zero, and the darkest portion of a nut was the gap (gray level ≥ 20) between the nutmeat and the
shell. Thus, any threshold between 0 and 20 was sufficient to binarize the present data. For this study, a threshold of
15 was used. The linescan images had a non-zero background level, between gray levels of 0 and 10, with the
darkest portion of a nut having gray level 25. The same threshold of 15 was used. These thresholds produced binary
images with almost all pixels within each nut being "1" (figs. 2a and 2b). Later, all pixels within isolated nut images
will be filled in to avoid possible small holes ("0" valued pixels) within a nut.

BLOB COLORING

After thresholding, the tray image contained a number of isolated nuts and several clusters of touching nuts (figs.
2a and 2b). The tray image (fig. 1a) was blob colored to locate these. Each blob contained all connected pixels in a
region of the input image. Each blob was assigned a different gray level (color) and could contain one nut or several
touching nuts.

The blob coloring routine used was a fast, efficient implementation of a standard algorithm (Ballard and Brown,
1982). The binary tray image was lexicographically scanned, each connected region or blob was assigned a unique
gray-level (color), and the blobs (nuts) were run length encoded and stored in a list. The algorithm used was as
follows:

1. Rows of the image are scanned until an "on" pixel is encountered. This starting position, and the number of
consecutive "on" pixels in the first row of the blob, are stored. This is a form of entropy coding known as run length
encoding.

2. After a run/scan has ended, the current row is scanned until another "on" pixel is encountered. A new run
length at this pixel is started and a new color (blob) is assigned to this new run of "on" pixels.

3. The next row is then scanned to produce run lengths for it while monitoring the run length data from the
prior row. When "on" pixels in both rows have the same column, then their runs belong to the same blob, and the
run on the present row is assigned the same color as the run in the prior row. Processing continues in this manner,
looking for new runs until the end of the row is reached. This converts all prior parts of one blob to the same color.
Discarded colors go back into the list of available colors.

4. This process is repeated for each row in the image. There may be more than one run in each row. The
algorithm colors touching nuts and groups them into one file. If there is a hole ("off" pixel) in a nut, the algorithm
still colors all "on" pixels in it and connecting nuts to the same color.

NUMBER OF NUTS PER CLUSTER (FILTERING)
After blob coloring, the files contained the "on" pixels in each blob. Several different segmentation methods

were considered. The technique chosen required estimates of the number of nuts per blob or cluster and estimates of
the center of each nut. The number of pixels in each blob was easily obtained from the sum of the lengths of its runs.
The number of "on" pixels in each blob was used to determine if it contained one nut or if it was a cluster of nuts. If
a blob contained too few pixels (<350), it was omitted as noise. If a blob contained ≥350 and ≤700 pixels, it was
considered to contain one nut. That file was transferred as an isolated nut to our feature extractor. If a blob contained
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>700 pixels, it was denoted as a cluster of nuts and was separately processed by the segmentation unit. Because of
the large range of sizes of large nuts, the number of nuts in a blob was not easily determined. For this database, most
nuts contain 600-800 pixels. However, outliers can have as few as 380 or as many as 900 pixels. Thus, from the
number of pixels per cluster, one cannot determine the number of nuts in a blob, or if a blob is a single nut. With a
threshold of 1000 used to determine if a blob contained more than one nut, two errors occurred in the 26 trays of
large nuts; i.e., two clusters of two nuts were classified as single nuts. Simple estimates of the number of nuts per
blob are thus possible, but are not expected to have high accuracy.

Several new algorithms were considered to obtain very accurate estimates of the number of nuts per cluster and
the centers of each nut. Morphological erosion of the binary blob cluster images was considered to obtain separate
blobs associated with each nut. Since the width of the smallest nut can be 20 pixels, which was less than the length
over which two nuts can touch (over 22 pixels), this method failed on many nut clusters. In addition, erosion will
grow any holes present on a nut. Thus, erosion was not pursued. Rotation-invariant and distortion-invariant filters
(Casasent and Cox, 1998 [correct citation?]) were developed. These performed very well, but a Gaussian filter
performed slightly better (by a fraction of a percent) and was thus used.

The technique chosen was to correlate the gray-scale image of each blob cluster with a Gaussian filter: g(x,y) =
1/(2πσxσy) e-(x2/2σx2 + y2/2σy2) with variance σ 2 = σx

2 = σy
2. The filtered correlation plane output was a smoothed

version of the input with gray-scale variations (due to split nuts, worm tunnels, gaps between the shell and nut meat,
etc.) reduced; i.e., in the smoothed output, one peak near the center of each nut in a cluster was expected. The
variance chosen was σ 2 = 15, or σ ~ 4. Since the Gaussian width was 2σ at ~ 70% of the peak, splits, tunnels, or
gaps with widths of 8 pixels (the largest found in the database) were smoothed out. [Disk copy contains brief
additional text here].

The Gaussian filtered output was normalized for each nut cluster to have a maximum gray-level peak of 255. To
detect the number of peaks in a Gaussian filtered image, a peak sorting and masking algorithm (Casasent and Ye,
1997) was used. In this algorithm, the Gaussian filtered output plane was thresholded at decreasing gray values until
a peak was located. When a peak was located, its location was recorded, and a 15 × 15-pixel window region around
the peak was omitted from future processing. The threshold was then lowered until another peak was located, and
the process was repeated until a threshold of 100 was reached. The 15 × 15 window removed most of one nut but did
not alter the center or peak of adjacent nuts. The minimum threshold was determined from tests on several nut
clusters.

For linescan images, the nut cluster image was eroded with a disk of diameter 13 to reduce the extent over which
adjacent nuts touched. Gaussian filtering was then applied to this eroded image. The erosion of the binary nut cluster
image removed six pixels around the border of the cluster. This eroded binary image was then used as a mask for the
gray-scale nut cluster image; only those pixels present in the binary mask were present in the final eroded gray-scale
output cluster image. Gaussian filtering was then applied to this image. Since the erosion can grow holes within a
nut image, the binary cluster mask image was morphologically closed with a disk of diameter 3 pixels prior to the
erosion; this filled in small holes on the nut.

SEGMENTATION

Several different segmentation methods were considered. To demonstrate the difficulty of the problem, some of
the unsuccessful methods are briefly noted here with the reasons for their poor performance. The use of B-splines
was considered to describe the boundary of a nut cluster, and the second derivative of the cluster boundary was
expected to be large where two nuts meet. This approach assumed that the nut boundaries were smooth so that the
boundary regions with high second derivatives corresponded only to points where two nuts touched. Since all
nutshells did not have smooth boundaries (see the bottom nut in fig. 2b), this method often failed, and it was not
used.

Euclidean and Mahalanobis distance segmentation techniques were also implemented. In these techniques, the
distances of all "on" pixels in a cluster to the estimated centers (X1, X 2, etc.) of each nut were calculated. Each pixel
in the cluster was assigned to the nut to whose center it was closest. If the nuts in a cluster differed widely in size,
had different orientations, or if the estimates of the centers of the nuts were poor, this method failed.

The gray watershed algorithm worked well if the objects to be segmented had slowly varying continuous gray
levels and if they did not overlap. Our nut images had large gray-scale variations within the nuts, gaps between the
shell and nutmeat, and they touched or overlapped. For touching or overlapping nuts, the gray level in the boundary
region (shell) was darker than in the nutmeat region. Thus, a dividing line existed between nuts in the complemented
image. The gaps by the shells in these objects caused problems. Local minima occurred in the gaps (as shown in the
1-D gray-scale plot in fig. 6b). These resulted in extra basins on each side of the true nut boundary in the
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complemented image (fig. 6c). Similarly, worm tunnels and split nuts produced other false dividing lines (figs. 6d-
6f). In these cases, the minimum of a basin did not occur at the center of a nut. Individual basins for each object
must thus be determined (the nut center estimates allow this and determine the number of basins to consider) to
overcome the problems in figures 6d-6e, and techniques to overcome false boundaries larger than the correct
boundary (figs. 6a-6c) must be devised.

(a) Input (b) Cross section (c) Complement of (b)

(d) Input (e) Cross section (f) Complement of (e)

Figure 6. Cross-section nut scans showing local minima due to nutmeat gaps (a-c) and due to worm tunnels and split nuts (d-e).

Smoothing the image with a Gaussian filter to reduce the effect of local peaks and valleys (to produce smooth
images of each object) was considered, but boundary errors still occurred. When gray-level variations were present
in an object, the gray watershed algorithm resulted in over-segmentation (one object was separated into several
regions), as noted by Meyer and Beucher (1990) and Dougherty (1986). A Gaussian smoothing function with a large
kernel has been used, but under-segmentation still occurred (Meyer and Beucher, 1990). Thus, the gray watershed
was not suitable for this application, in which objects touched and had internal gray-scale variations, such as gaps,
near their edges. It was suitable for removing clutter around an object when the object did not have internal gray-
level variations.

The standard binary watershed algorithm had over-segmentation problems if the boundary was irregular or
complex (Russ, 1990; Orbert et al., 1993). This problem also arose (Orbert et al., 1993) in processing cashew nut
images. The problem is shown in figure 7 for a nut with an irregularly shaped boundary. The distance transform
image is shown in figure 7b. The complement of its cross-sectional plot has a minimum at the center of the nut and a
local minima on the irregular nut extension (fig. 7c). Multiple basins and boundary lines were also found (Orbert et
al., 1993) when the objects were not oval or elliptical (this occurs for some pistachio nuts). Thus, the standard binary
watershed algorithm did not work on objects with irregular boundaries.

The segmentation algorithm developed for this study used the binary watershed algorithm with estimates of the
number of nuts, and the centers of each nut were used to initiate and define the basins.
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Figure 7. An example of a local false basin produced (c) in the distance transform (b) of an object (a) with an irregular boundary.

MORPHOLOGICAL PROCESSING

The process necessary to produce a final image of only the nutmeat involved a number of morphological
processing steps. Once each nut had been segmented, the binary blob colored image defined the set of pixels in the
tray image that represented each nut. These binary masks were used to pass the associated gray-scale tray image
pixel values to obtain a gray-scale image of each individual nut. The binary mask for each nut must not have holes
in it, as this will result in zero-valued pixels in the gray-scale nut image, and erosions will enlarge these holes. To
remove holes within the mask for an isolated nut, the mask image was first complemented and blob colored. Next,
an image of only the blob due to the background was formed and complemented. This produced an image of the nut
with any holes filled in. This cannot be done for a nut cluster blob, as a central hole can correspond to background
(fig. 2a). Rather, it was only applied to isolated nuts after segmentation.

To produce an image of only the nutmeat portion of the nut, the edge of the shell and the gap region were
removed. A binary erosion was first performed on the binary filled-in mask for each isolated nut with an SE disk of
diameter 7. This involved performing a correlation of the binary image with the disk, followed by a threshold equal
to the area of the SE. This removed 3 pixels from the outer border of the mask; this was the smallest width of the
shell in any nut image. The gray-level pixels in the input that were within this eroded mask were passed. A gray-
scale opening with an SE disk of size 5 × 5 was used to remove white regions smaller than the SE surrounded by
dark regions (i.e., any remaining shell surrounded by background and gap). The resultant image was then
thresholded midway between the minimum and average gray values in the nut image. This removed the gap. This
binary image was used as a mask to pass a reduced number of nut pixels in the original gray-scale nut image, to
produce the final gray-scale image of only the nutmeat.

RESULTS AND ANALYSIS

NUMBER OF NUTS PER CLUSTER AND NUT CENTER ESTIMATES

Figure 8 shows a typical result of Gaussian filtering to locate all nuts in a cluster. Figure 8a shows a cluster of
three nuts and a separate nut. This figure and the isometric view of this image in figure 8b show that the nuts did not
have clear single peaks for each nut due to the nutmeat split and dark nutmeat regions. The Gaussian filtered output
in figure 8c shows clear single peaks for each nut.
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Figure 8. Gaussian filtering to detect nut centers (c) in an input image (a) with gray-scale (b).

The tests on all X-ray film images yielded perfect detection of all nuts in all clusters (detection probability PD =
100%), including 300 nut clusters of small, medium, and large nuts. For 340 out of the 350 nut clusters in the
linescan images, all nuts were correctly located. Only 20 nuts out of 2900 nuts were incorrectly located, thus PD =
99.3%. An analysis of the errors showed that the reason for the slightly lower PD for linescan images was due to the
larger size of these nuts. This resulted in more nut clusters in linescan images than in film images (350 in linescan
images vs. 300 in film images) and a larger region of overlap on touching nuts.

Figures 9a and 9b show binary versions of the film and linescan images in figures 2c and 2d. The larger region
of overlap is apparent in figure 9b. This larger area of overlap and the increased amount of dark regions in the
linescan images (especially those near the edges of nuts) resulted in lower and less well-defined peaks, which were
shifted toward the region of overlap between touching nuts. The algorithm was thus modified by eroding the binary
nut cluster images with a disk of diameter 13. This eroded binary image was used as a mask, and only the gray-level
input pixels in this binary mask region were retained. The Gaussian filter was applied to this processed image. Since
the erosion can grow holes within a nut, the binary cluster image was closed with a disk of diameter 3 prior to the
erosion. This fills in small holes in a nut (e.g., the right nut in fig. 2a). With these modifications, PD = 100% was still
obtained on the film images, and an improved PD = 99.93% was obtained for the linescan images (two clusters or
two nuts had errors out of 2900 nuts).

(a) (b) (c)

Figure 9. Binary clusters of film (a) and linescan (b) nut images and the resultant region of (b) used after erosion (c).

SEGMENTATION

The algorithm used was the binary watershed with the number of nuts (the number of basins) and the nut centers
(and hence which basins are correct) known. The gray watershed algorithm was applied to the distance-transformed
image until two separate correct basins merged. Figure 10 shows typical binary watershed segmentation results. The
binary watershed correctly segmented 100% of all nuts and nut clusters in the X-ray film images and 99.3% of the
nuts and clusters in the linescan images (100% correct segmentation of the 4 small and medium linescan nut images,
and 99.2% correct segmentation of the 2500 large nut images). Nuts in 340 clusters out of a total of 350 nut clusters
were correctly segmented, and only 20 nuts out of ~ 2900 were incorrectly segmented.
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Figure 10. Typical input (top) and binary watershed segmented results (bottom) for different nut clusters.

FINAL NUT MASKS AND SEGMENTED NUT IMAGES

Figure 11 shows an example of the final binary mask used to pass the associated gray-scale image pixels for an
individual nut. The original binary mask after segmentation, blob coloring, and thresholding can have holes in it
(e.g., fig. 11a). These holes must be filled in, since an erosion will enlarge them. The complement of this mask
(shown in fig. 11b) was blob colored, an image of only the blob due to the background was formed and
complemented to produce the final nut mask with any holes filled in (e.g., fig. 11c).

Figure 11. Algorithm to fill in a hole on a nut mask (a) by forming the complement of the image (b) and then using morphological
processing to produce the result in (c).

NUTMEAT-ONLY IMAGES

The results of extracting images of only the nutmeat (fig. 12) are discussed here. Figure 12a shows an original
nut image. The results after erosion with a disk of diameter 7 to remove the shell are shown in figure 12b. Figure
12b still contains the gap region between the nutmeat and the shell, and it still contains a thin shell region on the
right. The result of opening figure 12b with an SE disk of size 5 × 5 is shown in figure 12c. The opening is seen to
remove any remaining shell strips smaller than 5 pixels in width. Note that other nut boundaries are not altered.
Specifically, the opening will not affect nuts that have no air gap left or nuts with no white shell regions remaining.
Nut image regions that do not contain any small white regions smaller than the SE are not modified by the opening.
Thus, nutmeat regions with no shell left will not be affected. The nut image in figure 12c was thresholded at a gray
level midway between the minimum and the average gray values in the nut image. This removes the air gap and
produces the binary mask image in figure 12d. This binary mask (after filling in holes as noted earlier) is then used
to pass the associated reduced number of nut pixels in the original image of figure 12a, to produce the final gray-
scale image of only the nutmeat in figure 12e.
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Figure 12. An example of the morphological steps used to obtain a nutmeat-only image (e) from an input image (a) including: erosion
(b), gray-scale opening (c), thresholding (d), and passing image through the mask in (d) to produce the result in (e).

FINAL RESULTS

The accuracy of the nutmeat-only image extraction is now quantified. Two errors can occur: under-segmentation
(the air gap is not completely removed) and over-segmentation (some of the nutmeat pixels are removed). The
features used for classification included the histograms of the nutmeat-only images. Thus, small nutmeat
segmentation errors of several pixels were not significant if they occurred on severely infested nuts.

The X-ray film images were considered first. For all good (non-infested) nuts, no significant segmentation errors
occurred. When under-segmentation occurred, no more than 3-4 pixels of the air gap remained. This occurred in
only 7% of all nuts. In all cases, these dark gap regions did not have pixel values as dark as in infested regions, and
the number of gap pixels left was less than 0.5% of the total number of pixels on an average-sized nut. Thus, under-
segmentation was not a concern. Over-segmentation only occurred in a few severely infested nuts, since some
nutmeats had rather dark gray levels near the nut edge. For 1.3% of the infested nuts (9 out of the 700 infested nuts
in the database), over-segmentation occurred. As much as a 4 pixel thick region at the edge of the nutmeat was
removed, but only in one or at most 2 isolated regions, not around the entire nutmeat region. These few over-
segmentation errors were also of no concern, since they only occurred in severely infested nuts (the rest of the
nutmeat had significant gray-scale variations present), and they represented a small percent of the total nutmeat
pixels.

For the linescan images, worse accuracy was expected because of the lower contrast and more dark levels
present. Out of 2200 good nuts, 50 were under-segmented with, at most, 7 pixels of the gap present on any one nut.
These non-removed gap pixel values were not very dark. They represented a small fraction of all nutmeat pixels and
were thus not expected to present problems. For the 700 infested nuts, 9 were found to be under-segmented (with at
most 8 air gap pixels remaining on any one nut) and only 5 nuts were found to be over-segmented. For reasons noted
above, these segmentation errors did not appear to represent significant problems.

SUMMARY AND CONCLUSIONS
A number of standard and new image processing operations have been described to perform segmentation of

overlapping and touching objects. These included a fast blob-coloring algorithm, combined with a new binary
watershed algorithm. The watershed algorithm was new in its use of the estimates of object centers to initiate and
define basins, thus overcoming internal gray-scale object variations. Use of morphological image processing yielded
filled-in masks of each object independent of its orientation. The algorithm worked for touching and overlapping
objects. These operations (and modifications of them) are useful for many applications in agricultural inspection and
other areas. For the specific pistachio nut inspection problem, new morphological image processing operations were
advanced to produce gray-scale images of only the nutmeat. These images are expected to produce better features.
Initial segmentation results and nutmeat-only extraction on a large database of real-time linescan images of
different-sized nuts were excellent:

1. Segmentation of 99.3% of all nuts was achieved.
2. Only 0.25% of the good nuts were slightly under-segmented after nutmeat extraction.
3. Only 0.7% of the infested nuts were over-segmented after nutmeat extraction.
It is expected that these minor nutmeat-only errors will not noticeably affect classification. Future classification

tests will address this issue, as well as the detectability expected for infested nuts with present real-time X-ray
imaging systems.
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